In machining processes, especially when cutting difficult to cut materials such as nickel based or titanium alloys, the cooling lubricant supply strategies are often based on empirical knowledge. Notably, supply pressure and volume flow are key parameters which can be adapted even though they are partially interdependent. Mostly, these parameters are set too high to assure process stability, resulting in unnecessary energy and cooling lubricant consumptions. Within this paper, a methodology for dimensioning the necessary cooling lubricant supply and pressure is presented. In order to increase energy efficiency, the cooling lubricant supply pressure and volume flow will be adapted corresponding to the cutting process.
Introduction
The use of cooling lubricants leads to undesirable outcomes regarding human health and environment as well as additional costs of production and disposal. Furthermore costs of cleaning of the workpieces as well as energy of the supply pumps offer significant saving potentials. Therefore dry machining or minimum quantity lubrication (MQL) is one promising objectives in machining during the last decades [1] [2] [3] [4] [5] . Nevertheless, cooling lubricant supply cannot be prohibited in many machining operations due to its' productivity and process stability increasing potentials.
Significance of cooling lubricant usage
Due to increased tool wear induced by high cutting temperatures, in many cases cooling lubricant supply is still not expendable. In machining of high temperature resistant materials such as nickel-based alloys, including e.g. Inconel 718, cooling lubricants are usually essential, especially when using cemented carbide tools. Recent developments by using ceramic tools and advanced coatings might lead to dry machining of these materials, but usually lack in the positive effects the usage of cooling lubricant can supply. Wet machining is still widely used, not least due to higher possible process stability. This can especially observed in small and medium enterprises, because the product variation often is high and efforts for adopting dry machining or minimum quantity lubrication are inefficiently costly [1, 6] .
When changing to dry machining, the positive effects of the cooling lubricant are eliminated. These namely are reduction of friction, the cooling of the cutting zone as well as chip evacuation. The avoiding of exceeding a critical temperature due to limited heat transfer from the cutting zone during dry machining is one of the major requirements. Not only the temperature, but also the chip evacuation, especially during drilling or grooving operations needs to be evaluated in a dry machining process. For many high temperature resistant materials, particularly in the aeronautical industry, these limitations and requirements for dry machining are hard to overcome and leave the use of cooling lubricant to be indispensable [1, [7] [8] [9] .
Common practice of cooling lubricant supply
Cooling lubricant supply strategies are highly depending on empirical evidence derived from experiments of cutting processes. From an theoretical view, the necessary amount and supplying strategy of cooling lubricant is widely unknown and empirically determined. Especially for drilling operations, new and innovative approaches are needed for identifying exaggerated supply of cooling lubricant either in pressure or volume flow. Furthermore, the necessary cooling lubricant supply, based on the process itself, should be examined. Mostly, the machine operator and technology planners will decide whether the supply strategy is suitable based on observations of the process, e.g. chip evacuation, hole quality and tool breakage as well as tool wear development. As the drilling process cannot be examined near to the cutting zone, simulation procedures are an upcoming topic in research [10] . Since the temperature of a cutting process has high influence on tool wear development and material behavior during cutting, investigations regarding the cutting temperature and heat transfer due to the cooling lubricant have been started. Aurich and Fallenstein conduct investigations based on CFD simulations of internal cooling of twist drills focusing on the heat transfer of the cooling lubricant influenced by varying cooling channel exit positions. The results show a clear dependence of the process results on the cooling lubricant supply [10] .
Energy efficiency of lubrication supply systems
A major share of the total energy consumption of machine tools, especially on machining centers, is caused by auxiliary components, such as cooling, hydraulics and cooling lubricant. Studies revealed up to 35% of the total energy of machining a simple workpiece originate from cooling lubricant related components, e.g. the supply pump, filtration and conditioning [11] .
To highlight the dependence of the power consumption of cooling lubricant supply pumps on the chosen supply pressure, the following insights are necessary to state. Many cooling lubricant supply pumps in machine tools are pressure controlled. Therefore, the pump will be operated at a number of revolutions which corresponds to a certain pressure. Frequency controlled pumps are capable of controlling the number of revolutions based on the targeted supply pressure. The pressure can be understood as the result of the volume flow which is produced by the pump at a number of revolutions and the corresponding resistance of the piping due to pressure losses and especially decreasing cross sections. Due to decreasing cross sections, the necessary flow speed increases, leading to a higher pressure when the volume flow should be steady, given by the number of revolutions of the pump. If the chosen pressure of cooling lubricant supply is exceeded due to the high flow resistance, the number of revolutions of the pump will be decreased, leading to a smaller volume flow. This way the targeted pressure is achieved. Thus, the pressure controlled cooling lubricant is able to guarantee the pressure and outlet speed of the cooling lubricant at the nozzle, the volume flow will be adjusted as a result.
The hydraulic power of cooling lubricant supply is exponentially depending on the supply pressure set at the pump. This finding can theoretically be derived. The exit speed of the cooling lubricant v nozzle is directly linked to the pressure. In a simplified approach derived from the Bernoulli equation it can be approximated as
with p total as total pressure (static, dynamic and hydrostatic) before the nozzle, p stat as static pressure and as density of the cooling lubricant. It is obvious that an increase of cooling lubricant supply pressure leads to a degressive increase of the nozzle outlet speed [12] . The volume flow Q is set by
The outlet cross section A depends on the nozzle diameter and is constant for different pump pressure settings. Therefore, it is clear that a higher pressure p results in a declining increase of the volume flow. In combination, the hydraulic power P hydraulic of cooling lubricant supply results in the following relation [13] :
It is obvious that the hydraulic power depends exponentially on the supply pressure of the cooling lubricant at the pump. Additionally to the increasing power demand, the motor efficiency has to be taken into account. Usually supply pump motors have optimal working points or area regarding pressure and volume flow due to the underlying motor behavior depending on the revolutions and load [14] . Therefore, it is of importance to know the specific loads that are needed by the electrical motor of the cooling lubricant supply pump in order to achieve energy efficiency.
Methodology of lubrication dimensioning
Within the project "process oriented dimensioning of cooling lubricant pressure and volume flow in order to increase energy and resource efficiency" (German acronym: KSS-DIM), an approach is being developed which leads to information about the cooling effect of cooling lubricant during drilling influenced by cooling lubricant pressure and volume flow. The two workpiece materials 42CrMo4 as well as TiAl6V4 will be used. Both feature significantly different thermoconductivity and thus significantly different cutting temperatures due to the specific heat transfer mechanisms.
In the following Fig. 1 the underlying assumptions for the methodology of lubrication dimensioning are shown in a sequence illustration. The basic assumption is, that most of the necessary process power caused by forming, cutting and friction processes, is converted into heat. For cutting processes, the ratio of converted heat of the mechanical cutting process power is significant (>90%) [7] . Due to one of the main effects of using cooling lubricant, heat is transferred out of the cutting zone by the cooling lubricant. In this case, water-based emulsion will be used, leading to a higher cooling effect in comparison to oil. It is assumed that the heat transfer of the cooling lubricant depends on the volume flow and thus supply pressure. The exact mechanisms in the cutting zone will be considered in a black box approach. In the final step of Fig. 1 a necessary volume flow of the cooling lubricant is depicted. It is presumed that with an increasing volume flow the cutting temperature will decrease whereas the heat transfer out of the cutting zone will be increased. Furthermore a limit of both effects will be reached as implied in Fig. 1 .
In order to verify these assumptions, a suitable experimental setup had to be designed. Since the project aims at drilling processes with cutting inserts, the temperature measurement is one of the most difficult challenges during the process. Several approaches concentrate on rotating temperature measurement devices, but often are limited to lower cutting speeds (< 100-150 m/min). Therefore an experimental setup with a fixed drilling tool has been designed. In this setup, the temperature measurement can easily be included in the cutting inserts of the tool with a thermocouple. Furthermore, the cooling lubricant temperature will be measured at several locations, especially directly in the supply piping as well as in a cooling lubricant collecting container which is arranged around the cutting tool and the workpiece. The workpiece will be clamped into the tool holder of the spindle with a Weldon clamping interface. In addition to collecting the used cooling lubricant, it has to be limited to the absolutely necessary amount of cooling lubricant in order to detect temperature differences before and after the process, based on the calorimetric principle, which will be briefly explained in the next chapter. In order to assure the minimal cooling lubricant amount in the drilling process, a control valve will be used. This control valve is operated directly by the measurement and automation hardware and software, based on the relative position of the tool and workpiece. As soon as the workpiece will be near the tool during the feed of the drill, the cooling lubricant supply will be switched from a bypass pipe to the supply of the tool. Directly after the actual cutting process, the cooling lubricant supply will be switched back into the bypass pipe. This procedure guarantees a minimum amount of cooling lubricant collected in the container, which will be characterized in the following chapter. The hydraulic plan of the experiments has been derived from this approach, see Fig. 2 . The tool KUB PENTRON with a diameter of 22 mm [15] , which will be used for the experiments, has been delivered by the Komet Group.
The following Table 1 shows all necessary measurements of the planned experiments. The approach aims to synthesize a broad data basis into information regarding the effectiveness and advantageousness of specific volume flow -supply pressure combinations. Therefore, the process forces as well as the torque will be measured. These values can be correlated to the induced heat in the cutting process. Furthermore, since energy efficiency information should be gathered, the electrical energy of the machine tool and supply pump of cooling lubricant will be measured and compared to the theoretical assumptions and calculations.
This experimental setup will lead to a better understanding of lubricant supply strategies regarding the necessary volume flow and supply pressure. The final goal is to reduce either volume flow or pressure in order to decrease the necessary electrical pump power and thus increase the energy efficiency. Saving potentials highly depend on the possible reduction of the supply pressure. The higher the difference between the initially chosen supply pressure and the actually necessary supply pressure in order to assure a safe process, the higher the saving potentials are. Electrical power measurements of lubricant supply pumps and machine tools suggest that electrical power reductions of 5-10% of the total machine tool are possible [14, 16] . Furthermore, lower supply pressures lead to decreased lubricant losses due to mist emergence. The energy efficiency of the lubricant supply can be measured by the electrical energy per part and lubricant loss over a certain timeframe, but the electrical energy is the main focus. Ultimately, a life cycle based approach following a previously used methodology ( [18, 19] ) aiming at the environmental impact will be applied to the experimental results in the future.
Theoretical considerations

Volume flow
The usual procedure of setting the cooling lubricant supply pressure of the pump can be combined with different nozzle outlet diameters in the tool itself in order to achieve different nominal combinations of pressure and volume flow. When reducing the outlet diameter, naturally the pressure loss at the tool will increase and thus the volume flow as well due to pressure limitations set by the pressure control strategy.. The pressure loss of the cooling lubricant due to the tool is caused by the rapid decrease of the cross section of the cooling lubricant supply. It can be approximated by a parabolic correlation, which among other sources, is used in the Grundfos Design Tool [17] . The pressure loss p loss can be estimated by the following equation depending on the volume flow:
(4)
In combination with the underlying principles of equations (1) and (2), there will be a decreased pressure at the tool outlet as described before, leading to decreased volume flow:
The factor k has been taken from the Grundfos Design tool in relation to the nozzle outlet diameter in order to approximate the pressure loss due to the cross section reduction in the tool and tool holder. Still, the main relation of degressively increasing volume flow when increasing the supply pressure is valid. This relation can be observed in the following Fig. 3 . It shows the theoretical volume flow through the cooling lubricant nozzles of the tool depending on the supply pump pressure set by the operator.
The shown behavior of the theoretical volume flow will be reviewed during the experiments planned. A broad variation of volume flow ranging from several liters per minute up to almost 50 l/min demands a capable supply pump as described before. The chosen pump is delivered by Grundfos, offering 90 bar pressure and over 50 l/min volume flow. 
Cooling lubricant collecting container
Based on the theoretical volume flow, which has been estimated to the safe side, thus to the highest volume flow which can be expected, the container size had to be designed. With the simple combination of the drilling time, which is determined by the cutting parameters and the depth of the hole, and the volume flow, the corresponding amount of cooling lubricant can be calculated.
(6) With
Due to fixed cutting parameters, the cutting time t c can be determined by the hole depth l hole and the feed speed v f .. Furthermore a safety time t safe has to be included for the additional time which is needed to apply a constant cooling lubricant supply when switching from the bypass pipe to the tool holder and tool piping. It has been calculated, that for the workpiece material TiAl6V4, which accounts for the longest cutting time due to the low cutting speed of v c = 70 m/min and a feed f per revolution of 0,3 mm, the biggest amount of cooling lubricant has to be collected. It sums up to about 14 liters.
Energetic calculations
For the energetic calculations, which are needed for the procedure highlighted in Fig. 1 , the cutting energy as a starting point is necessary. The cutting power can be derived from the cutting force F c and the cutting speed v c [20] :
The highest cutting force of drilling the two workpiece materials can be expected when cutting 42CrMo4 due to the higher specific cutting force k c1.1 and comparable ramp value 1-m c . The tool cutting edge angle r is 90°, resulting in undeformed width of chip b = d/2 sin( r ) -1 =d/2 and undeformed chip thickness h = sin( r )=f. When using calculations to the safe side, the whole drill radius can be assumed to act as a cutting edge, leading to the following values [20, 7] :
An ongoing challenge in theoretical approaches regarding heat transfer processes in the cutting process, is the actual distribution of heat into workpiece, tool, chips and cooling lubricant. The described experimental setup aims at determining the heat which is transferred out of the cutting zone by the cooling lubricant with the calorimetric approach. Therefore, with the knowledge of volume flow and temperatures before and after the cutting process as well as the heat capacity of the cooling lubricant, the transferred heat can be approximated. The experimental setup cannot account for the heat transfer of the inner surface of the hole as well as from the chips into the cooling lubricant. As the approach is practically driven, this disadvantage has been agreed on before designing the whole experimental setup. One basic calorimetric relation is the following based on the specific heat capacity c p , the mass of the cooling lubricant m and the temperature difference:
The heat capacity of water based emulsion can be approximated with the heat capacity of water, c p = 4,186,8J/(kg K). The mass of the cooling lubricant can be approximated with the density of water (approx. 1 kg per liter, = 1). This leads to the following equation based on the percentage of heat transferred by the cooling lubricant x transferred :
This theoretical relation, which is not backed by fluid mechanics, but represents a simple and understandable approach, can be visualized as seen in the following Fig. 4 . This procedure and theoretical approximation answers the plain practicability of the planned methodology. When using high volume flows the temperature difference will not exceed several degrees, almost independent from the ratio of transferred heat. In lower regions of volume flow, which are most interesting due to corresponding smaller supply pressure, the temperature difference will be measureable. With this approach it will be possible to approximate the ratio of transferred heat by the cooling lubricant depending on the supply parameters. The supply pressure in corresponding drilling operations usually is located at lower rates (< 20 bar), leading to lower volume flow rates, which are measurable best in the given setup.
Conclusion and outlook
Cooling lubricant supply strategies and especially the choice of process oriented supply parameters such as pressure and volume flow are highly complex and up to now are based on experience and empirical data derived from industrial practice. Within the described KSS-DIM project, an approach for identifying the effect of cooling lubricant pressure and volume flow on the drilling process will be investigated on a process level. The cutting temperature, workpiece quality, tool wear development, cooling lubricant supply parameters and temperature as well as cutting forces will be used to derive extensive data about the influence of the cooling lubricant supply on the whole drilling process.
Furthermore, the heat transfer out of the cutting zone will be correlated to the cutting temperature as well as all the acquired data. From this comprehensive data set, information about valuable and suitable supply parameters of cooling lubricant will be derived. Especially the behavior of the experimental setup depending on different materials, in this case 42CrMo4 and TiAl6V4, will be a major field of interest. The differentiating thermoconductivities of the materials lead to different results of cooling lubricant supply parameters based on the acquired data.
This paper aimed at presenting the experimental setup for determining the effect of cooling lubricant supply volume flow and pressure on the drilling process. The experiments will be conducted shortly and ongoing results will be published in a further publication.
